The future of coral reefs under increasing CO 2 depends on their capacity to recover from disturbances. To predict the recovery potential of coral communities that are fully acclimatized to elevated CO 2 , we compared the relative success of coral recruitment and later life stages at two volcanic CO 2 seeps and adjacent control sites in Papua New Guinea. Our field experiments showed that the effects of ocean acidification (OA) on coral recruitment rates were up to an order of magnitude greater than the effects on the survival and growth of established corals. Settlement rates, recruit and juvenile densities were best predicted by the presence of crustose coralline algae, as opposed to the direct effects of seawater CO 2 . Offspring from high CO 2 acclimatized parents had similarly impaired settlement rates as offspring from control parents. For most coral taxa, field data showed no evidence of cumulative and compounding detrimental effects of high CO 2 on successive life stages, and three taxa showed improved adult performance at high CO 2 that compensated for their low recruitment rates. Our data suggest that severely declining capacity for reefs to recover, due to altered settlement substrata and reduced coral recruitment, is likely to become a dominant mechanism of how OA will alter coral reefs.
Introduction
Climate change has greatly increased rates of coral mortality due to heat stress, intensifying storms and other forms of disturbances, which contribute to globally declining coral cover [1] . Coral reefs are also vulnerable to ocean acidification (OA)-the progressive changes in seawater carbonate chemistry as a consequence of increasing partial pressure of carbon dioxide ( pCO 2 ). Concentrations of pCO 2 already exceed levels outside the bounds of preindustrial variability on some coral reefs [2] , and may already affect key reef functions including rates of reef calcification, and abundances of particularly sensitive taxa [3, 4] . The direct effects of OA on coral reefs are less visible than those of other forms of human impacts [1] . However, OA's global nature denies latitudinal escape, and its irreversibility at timescales of tens of thousands of years [5] make more accurate predictions of its effects on marine ecosystems a particularly urgent task.
Most OA studies investigate responses to high CO 2 in specific organisms under laboratory conditions. For scleractinian corals, such studies report reduced rates of calcification [6, 7] ; however, some coral species do show substantial capacity for biological control over their internal pH [8] . OA also has little or no effect on the survival of established colonies [7] . Indeed, additional CO 2 can increase photosynthesis in some species [9, 10] , partially counteracting the corals' enhanced energetic needs for calcification under OA.
Contrary to laboratory studies, field studies around CO 2 seeps have shown profound changes in coral communities at sites with elevated CO 2 compared with adjacent sites with ambient CO 2 [11] [12] [13] [14] . For example, the abundances of structurally complex coral species and coral diversity are severely reduced at elevated CO 2 , while few select taxa (massive corals, soft corals or algae) obtain space dominance. The reported changes in the corals' growth and survival appear insufficient to explain the massive changes observed in reef communities at CO 2 seeps. Some laboratory studies also show a high sensitivity of some but not all early coral life stages to OA [15] [16] [17] [18] , suggesting an alternative key pathway to ecosystem change. However, to understand the mechanisms for the observed changes in the coral communities, we need to investigate the OA tolerance of critical life-history processes in fully acclimatized organisms under relevant ecological constraints, and also assess how positive and negative responses to OA accumulate and compound across life stages.
We combined experiments on coral recruitment and field data on later life stages in corals around two volcanic CO 2 seeps in Papua New Guinea (PNG), to assess the cumulative costs and benefits of OA across common sensitive and tolerant taxa under natural environmental (light, temperature, currents) and ecological settings (food availability, predation, grazing). During a natural coral spawning event, we obtained gametes from parent colonies of an abundant coral species acclimatized to either ambient or predicted late-twenty-first century CO 2 conditions. We used choice and no-choice experiments to measure rates of settlement on substrata that had developed under long-term control or high-CO 2 conditions, and assessed recruit survival in the field. We identified in situ the best predictors of the densities of recruits and later coral life stages. In combination, this set of studies enabled us to assess how recruitment and other life-history processes cumulatively affect coral communities under elevated levels of CO 2 .
Material and methods (a) Study sites and seawater carbonate chemistry
The study was conducted at two coral reefs (Dobu and UpaUpasina) in Milne Bay Province, PNG. Each reef contains extensive shallow-water volcanic CO 2 seep fields (High-CO 2 ) where streams of almost pure CO 2 emerge from the seafloor, and adjacent sites without CO 2 enrichment (Control) (for details see [11, 12] ).
The seawater carbonate chemistry was determined as described in Fabricius et al. [4] . In brief, seawater samples were collected by divers at both the High-CO 2 and Control sites. For pH, 1134 samples were immediately analysed using pH electrodes (Eutech), with mV readings validated against those of certified TRIS buffer, and were converted to the total pH scale ( pH T ). A subset of 728 samples was preserved with mercury chloride for later determinations of total alkalinity (A T ; Metrohm), or A T and dissolved inorganic carbon (C T ) with a VINDTA 3C Marianda. Forty samples were analysed for salinity (Mettler Toledo). pH T plus A T or C T were used to calculate the remaining seawater carbonate parameters for 29.08C and 34.5 salinity, with the R package Seacarb v. 2.4.8 [19] . Seawater pH T , C T , pCO 2 and saturation states of calcite and aragonite (V) were highly correlated (r ¼ 0.81-0.97). A T was more weakly correlated to the other carbonate chemistry parameters (r ¼ 0.39-0.57), but adding A T as predictor variable to the models did not substantially improve the fits in most models. Therefore, the directly measured pH T was used as predictor variable for the models and as a proxy for the other parameters.
(b) Coral fecundity and settlement experiments (i) Fecundity
The date of coral spawning was unknown for Eastern PNG; however, a ship expedition to the CO 2 seeps was conducted around the November 2014 full moon, and several coral species were found to be gravid. Fecundity of Acropora tenuis (defined as the mean number of egg-sperm bundles per polyp 2 days before spawning) was assessed in colonies that had lived all their lives in High-CO 2 or Control conditions (N ¼ 5 and seven colonies), via histology on three formalin preserved branchlets from the middle of each colony. The difference in fecundity between Control and High-CO 2 sites was estimated with a generalized linear model (GLM; log-linear with Poisson error), with colonies nested within sites.
Seven colony fragments from gravid A. tenuis were collected from the Dobu Control site on the day of full moon and set-up in 60 l bins with flow-through seawater on the ship's back deck. At the High-CO 2 site where the density of A. tenuis is relatively low, tents made of 200 mm plankton mesh were set up over seven gravid colonies. Spawning of A. tenuis was encountered in both the Control and High-CO 2 colonies on 8 November 2014 at 19.00 (45 min after sunset, second night after full moon), coinciding with mass-spawning on the Great Barrier Reef that belongs to the same zoogeographic province. Gametes from four spawning colonies from the Control site were cross-fertilized and larvae were cultured in seawater at a pH T of 8.0. Gametes from four colonies from the High-CO 2 site were cross-fertilized separately and cultured in seawater at 7.8 pH T , with the pH T adjusted by mixing seawater freshly collected from the High-CO 2 and Control sites. Thus the study did not involve crossing between sites, thereby preserving the CO 2 conditions of the parents and gamete bundles and avoiding sudden exposure to novel conditions. After 4 h, greater than 98% of embryos showed cell division in both batches. Embryos were transferred into 20-l buckets in shaded flow-through water baths (28.3-28.88C). Larvae from Control parents were kept in five buckets containing filtered (1 mm) seawater of 8.0 pH T , while those from the High-CO 2 parents were kept in five buckets with filtered seawater of 7.8 pH T . Larvae were transferred daily into clean buckets with freshly filtered seawater. pH T levels within the buckets stayed at or near the target value at all times and oxygen remained near saturation level. Larvae were competent to metamorphose after 3 days, and free-swimming larvae were still available after 9 days.
(ii) Settlement substrata To obtain standardized settlement substrata for the experiments, 90 roughened PVC plates were pre-deployed seven months earlier at sites with a median pH T of either 7.8 or 8.0, both at Dobu and Upa-Upasina.
(iii) Settlement choice experiments
Twenty-four 200 ml polycarbonate jars were provided either with Control seawater (8.0 pH T ) and 100 larvae each from parental colonies from the Control site, or 7.8 pH T water and 100 larvae from High-CO 2 colonies. Standardized settlement substrata were collected 24 h prior to use. Each jar was provided with a randomly chosen strip of substratum (60 Â 7 mm) from both the Control and High-CO 2 sites, closed, and floated in a shaded flow-through water bath at 28.58C. After 48 h, the number of metamorphosed and firmly attached corals on the substrata was recorded. The biomass of substrata and larvae in the jars was small compared with the seawater volume, and measurements showed that pH and O 2 in the jars were stable over the 48 h. Choice Experiment 1 used substrata pre-incubated at Dobu and 4-day-old larvae, while Choice Experiment 2 tested substrata from Upa-Upasina and 7-day-old larvae. Data were analysed with GLMs with negativebinomial distribution and log-link function that best reflected the variance-mean relationship of the data. Initially, substratum rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171536 origin (pH T 7.8 versus 8.0), seawater pH and parental origin (pH T 7.8 versus 8.0), and experiment ID (Experiments 1 and 2) were all included as crossed categorical factors. Experiment ID and all interactions were non-significant and were thus dropped from the final models.
(iv) No-choice settlement experiments under varying seawater pH
To assess the effect of seawater pH on the settlement capacity of larvae, polycarbonate six-well plates were filled with 7.0 ml of freshly collected seawater, filtered and mixed to a pH T of 7.6, 7.7, 7.8, 7.9 or 8.0. Twenty larvae from either High-CO 2 or Control parents were added per well. The experiment was repeated three times, each with a different settlement inducer: (i) freshly collected seven-month-old mixed biofilms on PVC chips from Dobu Control (Experiment 1), (ii) chips from crusts of the crustose coralline alga (CCA) Porolithon onkodes from Upa-Upasina Control (Experiments 2 and 3) or (iii) PVC chips covered with the CCA Titanoderma prototypum from Upa-Upasina Control (thin and flaky films with much smaller biomass than the P. onkodes crusts) (Experiment 2). Each treatment (two parental origins and five pH levels) was tested in 10 replicate wells, and two wells without inducers were added as controls (total: 120 wells per experiment). The well plates were sealed and randomly distributed across two 60-l shaded outdoor flow-through water bath (28.0-28.58C). Measurements showed that pH T remained within less than 0.1 of original levels, while O 2 saturation ranged from 89 to 110% due to the presence of photosynthetic substrata. After 24 h, the proportion of metamorphosed attached corals was recorded. The effects of seawater pH, substratum and parental origin on settlement rates were compared using GLM (quasi-binomial distribution) for each experiment.
(c) In situ recruit survival experiment
Thirty-five tagged recruitment tiles were pre-incubated at Upa-Upasina at 3 m depth along a pH gradient (mean seawater pH 8.0 to 7.67 pH T ) for seven months. The freshly collected tiles were spread upside-down on spacers in a large container. Small chips of P. onkodes were evenly spread on the tiles to aid settlement, and 6-day-old A. tenuis larvae (approx. 6500: half from the High-CO 2 and half from the Control parents) were added. The bin was supplied with flow-through seawater (ambient CO 2 ), with plankton mesh over the outflow to retain the larvae. After 48 h, the CCA chips and unattached larvae were washed off, and the densities of firmly attached recruits were assessed on both sides of each tile (initial numbers of recruits per tile: mean ¼ 28.2, s.d. ¼ 18.9). The tiles were returned to their original locations and orientation in the reef. Densities of living recruits were again assessed 8 days later. The effect of seawater pH on the number of surviving recruits on each tile was assessed with GLM (quasi-Poisson distribution, log-link function), using the initial (pre-deployment) recruit number per tile as offset.
(d) In situ recruitment rates: effects of CO 2 and substratum types
Tagged settlement substrata (90 roughened PVC tiles, 115 Â 115 mm) were fastened approximately 2 cm above the reef at 3 m depth as described in Fabricius et al. [4] . Groups of 15 tiles were deployed over approximately 200-400 m 2 at two Control and four High-CO 2 sites (most tiles were greater than 5 m from their nearest neighbours). The median pH T over the tiles ranged from 8.0 to 7.6 at Upa-Upasina, and from 8.0 to 7.5 at Dobu. After five months, the number of living coral recruits and their sizes (number of polyps) were assessed under a dissecting microscope (while remaining continuously submerged), the tiles were photographed and then returned back to their original location in the field. After a further eight months, 86 tiles were retrieved, photographed, dried, and the density, taxonomic identity, settlement substratum and polyp number of each coral recruit was recorded, distinguishing 15 coral taxa [20] .
Substratum preferences of the 462 recruits on the tiles were compared using generalized additive mixed effects models (GAMM; quasi-Poisson distribution, tile as random factor). The cover of each substratum type per tile was included as a covariate. Sixty-five tiles were included in these analyses, for which photos after 13 months were available. Boosted regression tree analyses were used to determine the best predictors of recruit densities together with their uncertainties (95% CI). Models initially included as predictors: pH, A T , per cent cover of all substrata and interactions. Unimportant predictors (most substrata, reef and interactions) were discarded and the partial effects of the remaining predictors were constrained to be monotonic.
(e) Juvenile densities, adult coral communities and comparison across life stages
Coral juveniles (colonies less than 50 mm in diameter) were surveyed within 65 belt transects (10 Â 0.30 m) at 3 m depth at pH T greater than 7.7. Ten transects were surveyed at each of the Control and High-CO 2 sites of Dobu and 20 and 25 transects at Upa-Upasina. Twenty-seven coral taxa were distinguished. The composition of the reef communities was assessed by taking photographs every metre. The cover and identity of all groups of macro-substrata was determined at five points per photograph, distinguishing 36 coral taxa. Across life stages and experiments, log-ratios of Control over High-CO 2 values in densities, cover and physiological performance were calculated. Coral recruits lack many taxonomic features and were identified to high taxonomic levels (usually family), whereas coral juveniles and adults were primarily identified to genus (less frequently family) level. The effect of seawater pH and CCA cover on the density of coral juveniles was assessed with GLM (quasi-Poisson distribution, log-link function). All data analyses were done with the statistical software R v. 3.0.2 [21] .
Results (a) Seawater chemistry
The carbonate chemistry of the seawater contrasted between the Control and High-CO 2 sites, and to a far lesser extent between the two reefs (figure 1; electronic supplementary material, table S1). At the Control sites, median pH (total scale: pH T ) was 8.0 at both reefs, median pCO 2 was 440 matm at Dobu and 340 matm at Upa-Upasina, and median aragonite saturation states was 3.56 at Dobu and 4.11 at Upa-Upasina. By contrast, at the High-CO 2 sites of Dobu and UpaUpasina, median pH T was 7.7 and 7.8, pCO 2 was 990 matm and 620 matm, and aragonite saturation states was 2.10 and 2.83, respectively. Total alkalinity (A T ) was elevated at the High-CO 2 sites of Dobu and Upa-Upasina to 2290 mmol equivalents kg 21 (
ii) Settlement choice experiments
When provided with a choice of settlement substrata from either the High-CO 2 or Control sites, the majority of the A. tenuis larvae settled on the Control substrata (figure 2). Averaged across the two choice experiments, settlement rates were 2.28 times higher on the substrata from Control compared with High-CO 2 sites (GLM-NB: p , 0.001; electronic supplementary material, table S2). The effects of parental origin (Control or High-CO 2 acclimatized) and seawater pH T , experiments and interactions were all non-significant ( p . 0.05).
(iii) No-choice settlement experiments under varying seawater pH
In most treatments, seawater pH did not affect settlement rates, and responses to pH were independent of parental origin (see electronic supplementary material, figure S1 and figure S3 and table S5 ). The median size of these up to 13-month-old coral recruits was rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171536 extremely variable (range: 1-150 polyps), and unrelated to seawater pH. The correlation between recruit densities per tile after five and 13 months was moderate (r ¼ 0.57), suggesting some turnover of recruits between the two censuses, with losses likely due to overgrowth by competing macro-organisms and grazing. After 13 months deployment, the number of coral taxa was 2.25 (95% CI: 1.66, 3.06) times higher at Control versus High-CO 2 sites (figure 3; electronic supplementary material, figure S3 and table S5). The greatest difference in recruit densities was found in the broadcasting Poritidae, with 9.06 (3.82, 21.5) times higher densities at the Control than the High-CO 2 sites (2.93 versus 0.32 recruits per tile), despite high adult abundances at the High-CO 2 sites (see below). In the broadcasting Acroporidae, recruit densities were 4.88 (1.44 versus 0.30) times higher at the Control than the High-CO 2 sites, while in the predominantly brooding Pocilloporidae, they were 4.02 (1.87 versus 0.46) times higher.
Settlement substrata strongly affected coral recruit densities (figure 4a). Of the 462 recruits recorded, 80.7% had settled on CCA, although CCA occupied only 12.3% of tile surfaces. 'Empty' surfaces (covered with thin biofilms) followed in preference, supporting 15.2% of recruits (4.9 times lower densities than on CCA). All other types of substrata (turf algae, Peysonellia and other macroalgae, bryozoans, bivalves, polychaete tubes, sponges, tunicates, foraminifera, etc.) were almost entirely free of coral recruits. Recruit densities also contrasted between the different CCA taxa: most recruits settled on T. prototypum and an unidentified species (CCA Sp. 1), followed by early successional CCA with undifferentiated taxonomic features. Recruit densities further declined from P. onkodes and Hydrolithon reinboldii to low numbers on Paragoniolithon conicum, Lithoporella melobesioides and an unidentified branching CCA (see electronic supplementary material, figure S4) .
Of all the predictors, recruit densities along the pH gradient were most strongly influenced by CCA cover (relative Figure 3 . Measures of relative performance of coral life stages under contrasting CO 2 levels. Circles and error bars represent back-transformed means and 95% CIs (log ratios of Control over High-CO 2 values); differences are significant where error bars do not contain the value 1.0. Blue: summary values for all taxa combined (cover, densities, physiology/life history (LH.), violet: structurally complex corals, dark red: Acroporidae, red: Seriatopora spp., orange: Pocilloporidae, yellow: Poritidae, green: taxonomic richness; Gn, net calcification; Pn, net photosynthesis. Meta-analyses of laboratory studies: asterisk denotes Kroeker et al. [7] , cap denotes Chan & Connolly [6] . Physiological studies on acclimatized corals at the Upa-Upasina Control and High-CO 2 sites: hash denotes Strahl et al. [9] . figure 4b ). Specifically, recruit densities increased monotonically with CCA cover by up to 40%. Recruit densities also increased with seawater pH, with an apparent threshold: values were consistently low at less than 7.9 median seawater pH T , and steeply increased to maximum levels above this. Additionally, recruit densities declined with increasing A T . Densities were unrelated to macroalgal cover on the tiles (which can depress coral settlement rates through allelopathic metabolites [22] , or any other predictors tested. There were also no significant differences between the reefs (relative influence: 1.1%) nor were there significant interactions between reefs and any of the other predictors.
Densities of coral juveniles were approximately 2.8 times higher at Control compared with High-CO 2 sites (mean: 12.7 versus 4.6 juveniles m
22
; figure 3 ; electronic supplementary material, table S5) despite similar amount of free space for settlement on the reef (19.8% versus 24.6%). CCA cover on the reefs was also 6.9 times higher at the Control versus High-CO 2 sites (6.2% versus 0.9% cover). Within individual transects, differences in total coral juvenile densities were related to both CCA cover and CO 2 , while interactions were non-significant (GLM: CCA Cover: F 1,63 ¼ 4.981, p ¼ 0.030; CO 2 : F 1,62 ¼ 14.66, p , 0.001). By contrast, total coral cover was similar at High-CO 2 and Control sites (30.8% versus 32.8% cover; figure 3) .
We compared the relative performance of the different life stages at the Control and High-CO 2 sites on both reefs. Backtransformed log ratios of Control over High-CO 2 values were highest (3.03-11.13 times) for the recruit density data, high for juvenile densities (1.32-4.88 times) and variable for adult corals (0.63-5.33 times) (figure 3; electronic supplementary material, table S5). In the common and reef building genus Acropora, recruits, juvenile and adult densities were 2.36-4.88 times higher at Control versus High-CO 2 sites. Similar reductions were observed in many other structurally complex corals. In the family Pocilloporidae, recruit densities were 4.02 times higher at the Control versus High-CO 2 sites. In the juvenile and adult stages, densities of the pocilloporid genus Seriatopora were 4.50 and 5.33 times higher, respectively, while those of the genus Pocillopora showed no difference in response to CO 2 . The taxonomic richness of recruits, juveniles and adults were 2.25, 2.05 and 1.64 times higher at the Control compared with the High-CO 2 sites.
The maintenance of high coral cover at the High-CO 2 sites was predominantly attributable to massive Porites, with adult densities almost doubled at the High-CO 2 sites, despite recruit and juvenile densities being 9.06 and 4.27 times higher at the Control versus High CO 2 sites (figure 3; electronic supplementary material, table S5). Goniopora and Turbinaria, which also had reduced juvenile densities, showed no difference in adult cover between High-CO 2 and Control sites. Hence, in these three taxa the relative improved performance of adults at high CO 2 appeared to compensate for their low recruitment rates.
Discussion
Our study compared the relative performance of coral life stages to OA in order to understand why coral communities at CO 2 seeps experience major loss of structure and diversity. Of all the responses tested, coral settlement rates on pre-conditioned reef substrata changed most strongly, and changes were consistent across the two reefs and across experiments, even for larvae derived from fully CO 2 -acclimatized parent colonies.
Overall, the observed effects of high CO 2 on coral recruitment (two-to 11-fold) were an order of magnitude larger compared with the typically reported approximately 20% mean reduction in coral growth ( figure 3) . A meta-analyses of laboratory experiments estimated that coral growth declines by 15-21% at high CO 2 , however, neither differences in coral growth (21 studies) nor survival (five studies) were statistically significant from control rates [7] . Another meta-analysis [6] estimated a decline in net coral calcification by approximately 15% by the end of this century (25 studies), with three species declining by over 40%, while other studies show unaltered, modal or even slightly increasing rates of calcification [23] . Strahl et al. [9] measured net calcification rates of lifelong acclimatized corals in the field at Upa-Upasina, and reported 44% and 38% reduction at the High-CO 2 site in A. millepora and Seriatopora hystrix, and unchanged growth in Pocillopora rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171536 damicornis and massive Porites, the latter potentially attributable to increased rates of photosynthesis at High-CO 2 ( figure 3) . The study, therefore, reconfirms that predictions of OA effects on marine ecosystems cannot be derived from an upscaling of physiological data alone; instead they require a holistic and comprehensive assessment of key ecological processes and the identification of their main bottlenecks under OA.
Importantly, none of the taxa investigated in our study showed progressively worsening performance under high CO 2 , from recruits to juveniles and to adults. Hence, there was little evidence for further cumulative and compounding effects of high CO 2 on successive life stages. For example, ratios of densities at Control over High-CO 2 were similarly low for the juveniles and adults of Acropora, Seriatopora and other structurally complex corals. This was unexpected, because the reported reductions in net calcification at UpaUpasina [9] should compound over time. By contrast, the slow-growing yet persistent massive Porites, Goniopora and Turbinaria had as high or higher densities at High-CO 2 compared with Control sites despite their low recruitment, thus suggesting some physiological or ecological advantages in adult life stages can ameliorate the recruitment bottlenecks for these robust taxa. The mechanisms for their improved performance at High-CO 2 (e.g. biological control of internal pH, increased photosynthesis, reduced competition from fastgrowing structurally complex corals, etc.) are still unknown, as are the physiological and environmental limits for such compensation. For example, massive Porites can maintain a stable internal pH through active ion pumping against the osmotic gradient down to a limit of 7.6 pH [8, 24] . Such active pumping is energy expensive, and the required surplus energy may only be available to robust species in low-latitude and high-light settings.
Previous laboratory studies showed that OA does not greatly affect coral fertilization and larval development, but that it can negatively affect larval settlement rates [16] [17] [18] 25, 26] . These findings were confirmed by our data. The laboratory studies attributed reduced settlement rates to altered properties of settlement substrata including CCA, microbial biofilms and/or the biological and chemical settlement cues produced by either of these [18, 26, 27] . Laboratory studies also suggested that high CO 2 may lead to impaired biomineralization and reduced growth in early coral life stages [15, 28] , but see also [29] . We expected recruit sizes and densities to be inter-related via size-dependent survival and space competitiveness [25, 30] . However, our data showed that the CO 2 effects on recruit densities slightly ameliorated rather than deteriorated between the five and the 13-month old tiles (from ratios of 11 times to five times of Control over High-CO 2 values), while differences in recruit sizes and rates of recruit survival between Control and High-CO 2 sites were non-significant due to their high variability. Hence, our field data showed no clear indication of impaired performance post-settlement of coral recruits at the High-CO 2 compared with the Control sites.
Our study confirmed previous studies that showed that the nature of settlement substrata strongly determined coral recruitment success, with CCA and its associated biofilms best predicting settlement rates and recruit densities [16] . Specific CCA are effective settlement inducers for coral larvae [17, 26, 31] . CCA are known to be highly CO 2 sensitive [32] , with a weak physiological capacity for ion removal and with skeletons that typically consist of highly soluble highmagnesium calcite [33] . An earlier study showed that CCA densities on the recruitment tiles and reefs at the Milne Bay seeps steeply declined with increasing pCO 2 [4] . CCA taxa that were preferred as settlement substrata, namely T. prototypum, CCA Sp. 1, and early successional CCA (see electronic supplementary material, figure S4), were found to be among the most CO 2 sensitive taxa, losing 60-85% of their cover as the pH T declined from 8.0 to 7.8 [4] . Some of the slightly more CO 2 tolerant CCA, namely L. melobesioides and P. conicum, supported lower coral settlement (see electronic supplementary material, figure S4) . A similar association between specific CCA (especially Titanoderma spp. [26] as settlement substrata and their sensitivity to CO 2 has been previously shown under controlled outdoor laboratory conditions [17] : here, elevated CO 2 also led to two-to sevenfold reductions in coral larval settlement rates, partly due to impairment of these CCA. The evidence that the high CO 2 sensitivity especially of thin early successional CCA leads to reduced coral recruitment may be relevant even for today's coral reefs, as CCA abundances may already be declining in response to increasing seawater pCO 2 [4] .
Macroalgae are known to effectively prevent coral recruitment, through space occupation and by the release of settlement inhibiting metabolites [22, 34] . Here, we found no correlation between macroalgal cover and juvenile densities in the field, nor on the settlement tiles. Possibly due to intense grazing by healthy fish populations, the cover of fleshy macroalgae was low at the study sites (3.3% at the High-CO 2 and 1.6% at the Control site [11] ). As other CO 2 seeps report increases in the cover of fleshy macroalgae under high CO 2 [14] , macroalgae may become an additional constraint for coral recruitment under OA, especially in reef environments with low grazing pressure [30] . CO 2 seeps are imperfect analogues for future oceans, as they are small and show substantial pCO 2 variability. Nonetheless, the ecological effects of OA on coral communities and ecological interactions can only be assessed under environmentally realistic conditions and on acclimatized organisms and substrata, conditions that cannot easily be replicated in laboratory studies. Our field data were derived from two separate CO 2 seeps, greatly strengthening the inference that the observed effects were attributable to CO 2 . Although the parent colonies, their offspring and the reef substrata in our study were fully acclimatized to high CO 2 thus safeguarding against experimental artefacts due to sudden exposure to novel CO 2 conditions, their recruitment success was as much affected by the high CO 2 as those from the Control site. A lifetime of acclimatization did not improve coral recruitment success under high CO 2 .
The conclusions of our study are conceptualized in figure 5 . Unlike climate change induced heat stress and severe tropical storms, there is little evidence that OA inflicts direct mortality on adult corals. Both OA and heat stress can lead to slower coral growth rates, reducing the speed of reef recovery from disturbances. However the main impact from OA is its suppression of reef resilience (the capacity to resist and recover from disturbance). One major pathway is through coral recruitment: our study showed that OA effects on coral recruitment can be up to an order of magnitude greater than OA effects on coral growth, and that the high sensitivity of CCA as settlement substrata appears to be a bottleneck for the maintenance of these coral communities. Diminishing reef calcification under OA [3] further contributes to reducing reef resilience, rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171536 and similarly, enhanced erosion of reef carbonate substrata from OA has been ranked a greater threat to coral reefs than declining coral growth [35] . In combination, all of these factors diminish the capacity of coral reefs to persist under increasing levels of CO 2 . Hence, high CO 2 threatens coral reefs via two complementary dominant pathways: by increasing coral mortality from heat waves and intensifying storms due to climate change, and by diminishing reef resilience due to OA.
Data accessibility. All data from this work have been uploaded to Dryad as http://dx.doi.org/10.5061/dryad.327c2 [36] , and will be uploaded to the MEST data record system via the Data Centre of the Australian Institute of Marine Science. 
